The accelerated life testing is a common tool to achieve lifetime prediction and reliability analysis for light-emitting diodes (LEDs). Currently, all popular accelerated methods, either offline or online, employ a large volume, energy-consuming temperature chamber, which will cause the instruments inside worse, and the methods are usually incapable of controlling the junction temperature online. In this paper, we propose a multifunctional online system that controls the temperature of heat sink directly by a heating plate integrated to electrical-current-stress fixture. The combinations of spectrometer with optical multiplexer and current source with electrical matrix switch are adopted to fulfill the comprehensive real-time testing of LEDs, including optical, electrical, colorimetric, and thermal properties. In particular, junction temperature is monitored and controlled online by pulse-voltage method, which raises the accuracy and reliability of lifetime analysis and prediction. A new file format-HDF5 is applied to process huge quantities of experimental data, which are helpful to analyze the failure mechanism.
Introduction
Light-emitting diodes (LEDs), as the fourth generation of lighting source, are increasingly used not only in display backlighting and general illumination but also in high-end fields like light communications, smart home, and so on. Reliability issue is important for researchers to promote the performance of LEDs further under various conditions [1] - [3] . However, the relatively sparse information available on their reliabilities has become the bottleneck for the evaluation on LEDs' characteristics. On the other hand, LEDs' long lifetime (50 000 h or longer) makes the study on the degradation process extremely time-consuming [4] , [5] .
The accelerated life testing (ALT), greatly speeding up the degradation process, is a powerful tool to explore failure mechanisms and forecast the lifetime of LEDs [4] , [6] . Constant-and/or step-stress of temperature and current are generally adopted in ALT [7] - [10] . Mostly, concerned properties during the aging process include lumen degradation [10] , [11] , color shift [12] , deterioration of the packaging materials [13] - [15] , and voltage or series resistance variation [8] , [16] . These properties are analyzed to reveal failure mechanisms, provide corresponding solutions, and promote reliability and stability of LEDs.
The offline test is once a common method in ALT [17] , [18] . However, the disadvantage is that the offline test separates the processes of aging and testing. The assembly combining samples and fixture is put into the temperature chamber with high-temperature or high-current stresses. During the period of aging, the samples would be taken out of the temperature chamber for measuring the relevant parameters through spectrometer, electrical source, and thermal resistance tester, etc. A long time and tedious operation have to be spent. Besides, frequently disassembling and short temperature cycle may lead to new systematic errors.
Due to the shortcomings in the offline test, several online-measurement approaches have been proposed, providing more data and shortening the testing time greatly. Chen et al. proposed an online experimental equipment to evaluate the degradation of LEDs, which used heat-resistant optical cable to transmit signals from temperature chamber, and measured the illuminance and the correlated color temperature (CCT) at room temperature [19] , [20] . Ke et al. compared differences of optical degradation and color shifts between the online and offline test modes, and the result of the online test had a higher exponential fitting degree [21] . In general, three disadvantages still exist in the current online systems. First, high temperature provided by temperature chamber consumes lots of power and exposes detectors to harsh experimental conditions. Second, measured parameters only cover the illuminance and CCT, ignoring other important spectral and electrical information. Third, online measurements of junction temperature (T j ) and color shifts, which are significant criteria to explore failure mechanisms, are less paid attention to.
In this paper, a multifunctional online accelerating and testing system has been proposed to accelerate LEDs lifetime and to measure their properties simultaneously. The cabinet-type online system contains temperature controller and electrical current supplier. Fully considering the special properties of LEDs, a heating plate is used to provide the temperature stress directly to the heat sink of LEDs under test, avoiding the exposure of the optical detector to adverse environment. To online monitor various properties of multiple LEDs in their lifetime test, we incorporate the Charge-coupled Device (CCD) spectrometer, the optical multiplexer, the current source, and the electrical matrix switch, and measure spectra and electrical parameters of samples. Beyond that, a pulse-voltage method is adopted to monitor the junction temperature online. Measurement of comprehensive properties, e.g., optical, electrical, colorimetric, and thermal parameters, has been integrated in this online system. Besides, a supporting software based on Delphi is developed to run the system more intelligently. Fig. 1 shows the schematic diagram and the prototype of the online system. This equipment can be segmented into heating and sampling module, temperature and current controlling module, and online comprehensive measuring module. The acceleration stresses can be controlled by aging current power supply and temperature controller. The comprehensive properties of 16 samples can be measured simultaneously through the spectrometer and the current source combining with the optical multiplexer and the electrical matrix switch. The heating and sampling module, including a heating fixture and a sampling fixture, links the measuring module and the controlling module together.
System Architecture

System Overview
Heating and Sampling Module
The heating and sampling module is an essential part for the whole system. Considering LEDs' special properties, we discard the energy-consuming temperature chamber and adopt a small-size fixture. In order to predict lifetime and shorten consuming time efficiently, we can employ several groups of the fixtures to perform ALT under different stresses at the same time. The top layer contains a circuit board and a fixing plate, which provides current to and sustains the samples, respectively. The middle layer is a heating plate and a thermal conductive block with thermocouple. The heating plate conducts heat to the thermal conductive blocks, and we use the thermocouple to provide feedback to temperature controller. A cooling fin at the bottom layer ensures the safety of the fixture. Fig. 3(a) shows the model of the sampling fixture for fixing the optical detector, printed by 3-D printers and made from a low-reflectivity black engineering plastics (PLA). It is composed of 10 sleeves, a sleeve holder, and an optical fiber supporter. The sleeve holder combines and fixes all the sleeves together, and the optical fibers dock on the optical fiber supporter. Fig. 3(b) shows cross-sectional view of the sleeve. The optical fiber screwed with cosine corrector stretches into the above part of the sleeve, and light from sample, passing through the sleeve with a diaphragm inside to filter out stray light, is gathered by the optical fiber. Besides, the distance from the top of sample to the cosine corrector is 100 mm, according to the CIE averaged intensity measurement condition B.
Temperature and Current Controlling Module
Controlling module includes a temperature controller and an aging current power supply. The temperature controller has eight channels, with the range of temperature from room temperature to 120°C. With the aid of feedback from thermocouple, proportion integration differentiation controller (PID) keeps the temperature accurate and stable. The aging current power supply can provide constant current to five channels of LED fixture, and at each channel it can control ten samples simultaneously from 1 mA to 1 A.
Online Comprehensive Measuring Module
Real-time acquisition data of the online comprehensive measuring module during the aging includes optical, electrical, colorimetric, and thermal parameters.
A spectrometer (Ocean Optics HR4000) and a 16-channel optical multiplexer (Ocean Optics MPM-2000) work together to gather the spectral power distribution (SPD) of LED sample one by one. The optical and colorimetric parameters, including irradiance, peak wavelength, dominant wavelength, full-width at half maximum (FWHM), color coordinate, correlated color temperature (CCT), and color rendering index (CRI), can be obtained from SPDs. The optical fiber with cosine corrector acquires partial luminous flux (illuminance) of light through the sleeve. The reason we measure partial rather than total luminous flux relies on three considerations. First, the illuminance is proportional to the total flux [21] , [22] . When calibrating the total flux via an integrating sphere, we actually use E = K (ρ/1 − ρ) * /(4πr 2 ) = K , where E is illuminance, is total flux, and K is a constant. Second, more fundamentally, the life prediction does not actually care about the absolute values, but the relative values instead, and the lumen degradation data are usually normalized to calculate the lifetime. Hence, values of partial or total flux would make no differences for calculation of lifetime. Third, the system can greatly simplify the acquisition components and separate each channel independently.
Electrical parameters are measured by a current source (KEITHLEY 2611) and an electrical matrix switch (KEYSIGHT 34970A). The matrix switch not only serves as a switch to change the connection of each channel separately but has a built-in multimeter to acquire the working voltage during the aging as well. In order to get the thermal parameter, a pulse-current source is used to collect the junction temperature sensitive parameter, based on the pulse-voltage method which will be introduced in details in the next section.
Software
A supporting software based on Delphi is developed to control the system. Messages from multiple interfaces, including USB, GPIB, and RS-232, are transmitted by a hub to a host computer. Fig. 4 exhibits the flowchart of the software. The software starts the online lifetime acceleration according to settings. Orders are sent to relevant instruments to capture and calculate relevant parameters. The system can estimate the lifetime under the routine based on Arrhenius model. Besides, the spectra and parameters will be saved to the specified file automatically in real-time, ensuring the safety of data while unexpected accident happens. In order to meet the huge and multi-type data-processing requirements, we adopt a new storage format-hierarchical data format (HDF). It is a highly efficient way for storage and distribution of science data format developed by National Computer Security Association (NCSA) to meet the complex requirements of various research fields, which is more concise, comprehensive and of good flexibility. Digital and graphic data, including spectra and parameters, can be stored in a HDF file like Fig. 5 . It accelerates the speed of reading and writing, and meanwhile reduces the storage space.
System Calibration
Detector Calibration
In order to ensure the precision and decrease the difference of detector's response at different wavelength, we use a metrological certificated halogen tungsten spectro-irradiance lamp to calibrate the system. The diagrammatic figure of detector calibration is schematically shown in Fig. 6(a) . Put the lamp and detector into black box and use two pieces of barn doors. The distance from the lamp to the detector is 316 mm, defined by the CIE averaged intensity measurement condition A. The detector's SPDs comparing with the standard SPD can be used to calculate the response at each probe pixels through (1), corresponding to integration time, fiber area, pixel band width, lamp energy, dark, and light power. Therefore, we can get the relationship between the irradiance and the photon number, and the coefficient curve, as shown in Fig. 6(b) .
(1) Fig. 6(c) shows the comparison between photon counts before calibration and the spectroirradiance after calibration.
Calibration of Junction Temperature Sensitive Parameter
Junction temperature is an important indicator to explore the reliability of the LEDs. Existing methods of measuring junction temperature include infrared-thermal-imaging method, microRaman spectroscopy, electrical-parameter method, etc. Among them, owing to the advantages of simplicity, rapidness, and non-contact, the electrical-parameter is the most suitable method for online monitoring. It is recognized that there exists a linear relationship between voltage and T j within a certain range, and such linearity still exists at high temperature. In order to achieve real-time online test without breaking the existing aging process, a coefficient between voltage and T j must be established before aging. A narrow pulse current (pulse width at 300 us, cycles at 200 ms, amplitude at 350 mA, and bias at 2 mA) is used to avoid thermal effects [23] . Each sample should be measured independently, and the relationship can be obtained from
The fitting coefficients are shown in Fig. 7 and Table 1 . Thus, during the process of aging, we can monitor T j while measuring voltage. Given that voltage may also change gradually during aging, we recommend temperature calibration be carried out at every period of time. 
Experiment
In order to verify the feasibility of this system, we carry on the following experiments. We select 32 LED samples (commonly available commercial InGaN blue LEDs coated with YAG:Ce phosphors and packaged by silicone) randomly to demonstrate possible different failure mechanisms. After 72-hour pre-aging, 16 samples are selected as experimental samples (denoted as #1-#16). For the purpose of shortening the test time, we appropriately apply high current stress (500 mA) with three temperature stresses (50°C, 65°C, and 80°C, respectively). The 16 samples are divided into three groups (sample number of 5, 5, and 6, respectively) for the three temperature stresses, respectively.
Total 576 hours (24 days) are set for aging, which is divided into 3 phases for different sampling intervals. (Phase I: total 48 hours, 10 minutes sampling interval; phase II: total 192 hours, 1 hour sampling interval; phase III: total 336 hours, 3 hours sampling interval.)
Considering the fact that the thermal resistances of LEDs do no undergo significant changes in most cases, and to monitor the fluctuation of junction temperature purposely during aging in this work, we only calibrate the temperature-voltage coefficients before aging.
The spectra, parameters, and curves of some important parameters as a function of time can be offered by this software as shown in Fig. 8 . All the spectra and parameters are saved in HDF5 file instantly and the results can be fetched for analyzing afterwards. As shown in Fig. 9 , the lumen degradation can be divided into two categories: monotonic variation (sample #1, #3, #4, #5, #6, #7, #12, #14, #15, and #16) and non-monotonic variation (sample #2, #8, #9, #10, #11, and #13). For the monotonic type, the junction temperature doesn't change obviously, however, the junction temperature fluctuates significantly for the non-monotonic type (see Fig. 9(c) ), reflecting the unstable light output as illustrated in Fig. 9(a) . For simplicity, we choose sample 6# and 9# from each category as representatives. Fig. 10 shows the lumen maintenance and CCT vs. time of sample #6 and sample #9 (I = 500 mA, T = 65°C). More than 30% decrease of the intensity during 576 hours has been observed, indicating the poor qualities of both samples, which can be treated as failed samples according to the L70 lifetime standards. For sample #6, the lumen intensity decreases exponentially. But for sample #9 with even worse quality, it experiences three phases. Its lumen intensity falls sharply at first 75 h, then increases from 75 to 210 h, and then decreases slowly. From 0 to 75 hours, as shown in Fig. 11 , we obtain three important facts: 1) The ratio of yellow/blue drops; 2) The chromaticity coordinates shift towards the blue region; 3) T j is obviously high. From these facts, we can roughly derive the main degradation mechanism is due to the high temperature caused yellowing or possible carbonization of silicone lens by phosphors self-heating [24] . The yellowing or carbonization of silicone lens decreases the optical transmittance of lens. Besides, the phosphor-conversion efficiency will drop down at high temperature.
Conclusion
A multichannel LED online lifetime accelerating and testing system is proposed in this paper. The system presents three distinguish advantages: 1) Controlling the temperature of heat sink directly, rather than using temperature chamber, can greatly lessen the volume of the experimental system and avoid systematic errors in adverse conditions. Several groups of samples with different stresses can be applied at the same time. 2) Comprehensive properties of LEDs, including optical, electrical, colorimetric, and thermal, are real-time monitored and acquired. In particular, junction temperature can be monitored and controlled online by pulse-voltage method to ensure lifetime analysis and prediction more accurate and reliable. 3) HDF5 file is used to store different kinds of experimental data quickly and safely. Huge quantities of data, like irradiance spectra, optical, and electrical properties, are helpful to analyze the failure mechanism. In summary, this online system provides an easy, energy-saving and effective experimental tool for researchers to further explore the LEDs performance and promote the reliability of LEDs.
